Abstract-Surfaces act as perfect magnetic conductors (PMC) if the phase shift of the reflection of an electromagnetic wave amounts to 180 compared to the reflection at a perfect electric conductor (PEC). One possibility to create PMC surfaces artificially is an array of closely spaced patches. In this paper, based on the relation between PMC surfaces and patch antennas, an explanation for the functioning of this artificial PMC is given. An equivalent network is derived that allows to understand the functioning and to provide a starting design for a numerical optimization by aid of fullwave methods. A planar PMC is used for the first time as a reflector for a large aperture coupled patch antenna array, especially in order to reduce the parallel-plate modes that are usually present in traditional aperture coupled patch arrays. An additional sidelobe suppression of over 6 dB has been achieved by the planar PMC reflector in comparison to a traditional reflector.
I. INTRODUCTION
T HE reflection coefficient of a plane TEM wave incidence on a perfect electric conductor (PEC) is . The electromagnetically dual surface to a PEC surface is a perfect magnetic conductor (PMC); it exhibits a reflection coefficient of , which means that the phase of the reflected wave is 0 compared to the phase of the incident wave. In analogy to the theory of lines, these two reflecting surfaces could be called "short circuit" and "open circuit" where the latter is nonradiating. However, so far no physical PMC surfaces have been found that operate over a wide frequency band.
Reversely, a surface that shows a 180 phase shift compared to a PEC surface and, at the same time, completely reflects an incident plane wave effectively acts as a PMC surface. Any surface that physically is not a PMC, but exhibits the same scattering properties, is then called an artificial PMC.
PMC surfaces show interesting properties. First, the image currents for PMCs are in-phase with the original current. This allows to utilize PMCs as reflectors in antennas and to place radiating elements very close to the PMC, which results in low profile antennas. Second, PMCs provide high-impedance surface conditions and, hence, suppress surface waves. This way the interference of surface waves with the main radiation, and the associated edge effects can be reduced. To date, planar artificial PMC surfaces are receiving more and more attention in antenna applications since they offer advantages that cannot be accomplished by utilizing traditional PEC reflectors. Hence, the analysis and design of a PMC is important, especially for shrinking the size of antennas. One possibility to design an artificial PMC is to use periodic structures. High-impedance electromagnetic surfaces have been studied by Sievenpiper [1] . In his approach, high-impedance surfaces consist in general of a lattice of metal plates, connected to a solid metal sheet by vertical conducting vias. However, vias are difficult and expensive to fabricate. To overcome this shortcoming, other planar structures [2] , [3] have been proposed that do not incorporate vias. These alternative surfaces are composed of patches, one or more host substrates and ground planes. At a first look, these various proposed structures seem to be different from each other. A careful examination however reveals, that they have a common point: the basic element is a patch, either square or rectangular. The different sized and shaped patches are repetitively positioned at a certain period, forming the different structures.
The purpose of this paper is twofold: first, to provide further knowledge on the functioning of artificial PMCs, and second, to present the practical application of an artificial PMC to a large aperture coupled patch antenna array as a reflector. The aim is to reduce the parallel-plate modes that propagate between the plane with the coupling apertures and the backside reflector.
To understand the performance of various planar PMC structures, it is suitable to investigate as a test structure a simple patch array hosted on a substrate with a ground plane. In Section II, the field distribution on a patch array is computed for a plane wave normally incident with a finite-difference time-domain (FDTD) method. Founded on the insight into the field distribution, a transmission-line model is then derived that helps the understanding of the functioning and the starting of the design phase for developing PMC surfaces. Further, the functioning of this planar PMC is explained with the behavior of a patch antenna. In Section III, this planar PMC is applied as a reflector to a 64-element aperture coupled patch antenna array.
II. FUNCTIONING OF PLANAR PMC
Here, we explore the basic principles of artificial PMCs, using a simple patch array on a substrate backed by a ground plane as an example. The investigated artificial PMC has the following dimensions:
• The structure consists of square patches with an edge length of . • The patches are situated on a homogeneous epoxy substrate with a permittivity of and a thickness .
• In the periodic structure, the patches have a separation of . The resulting period of the structure is, hence, . In order to compute the structure, an FDTD method is employed. For the modeling, it is unnecessary to simulate an infinite structure. By the application of mirror boundary conditions around the single patch, the model of a single element can be used to simulate an infinite structure. A similar approach is used in [4] . Fig. 1 shows the FDTD model. Due to a geometrical and electrical symmetry of each single element, the sidewalls can be replaced by appropriate boundary conditions. This results in a correct modeling of an infinite structure considering only one single element, as the boundary conditions correctly reproduce the effects of all other elements. The incident electric field is polarized in the direction, hence, the boundaries and are set to PEC so that the -vector is normal to the boundary. and are set to PMC so that the magnetic field is normal to the boundary.
is set to PEC due to the ground plane. The wave is incident from direction, the reflected wave is propagating in direction and should be propagating with no reflection at the borders of the computational domain. Hence, is set to perfectly matched layer (PML) to rule out an interference caused by the reflected wave at a distance of . The computational domain is limited by the patch size plus an wide strip around the patch at the two sides, in this case, , see Fig. 1 . The determination of the reflection properties of the periodic structure is a two-step process. In a first step, the reflection properties are computed over a wide frequency band in order to detect resonant frequencies. In a second step, the reflection coefficient at each resonant frequency is computed in magnitude and phase.
In the first step, the waveform of the incident wave should excite as many frequencies as possible, which is done using a raised-cosine pulse excitation. To extract the resonant frequencies at which the patch array acts as PMC, Prony's method [5] is applied. This method allows to obtain the exact resonant frequency. For the above defined structure, the simulated resonant frequency is . At this frequency, a further calculation is performed in the second step with a sine wave excitation. Comparing the incident and the reflected wave results in the reflection phase information. Measurements demonstrated a good agreement to simulations [6] .
In the following, the field distribution is computed, which leads to the equivalent circuit model. The equivalent model in combination with the functioning of a square patch antenna explains the operation principles of the artificial PMC.
A. Field Distribution
With the sine wave excitation at resonance, the field distribution of the patch array under a normally incident plane wave is computed and shown in Fig. 2 . The tangential fields and are normalized to their maximum values and , respectively. The field on the patch is zero as expected for a PEC. The leading and trailing edge of the patch ( and ) show very high field values with a uniform distribution. At the side edges ( and ), the field shows a typical cosine distribution, with a zero in the middle of the edge.
The field distribution in this patch array is very similar to the fields of a single patch antenna [7] . The field is mainly polarized in the direction of the incident wave and exhibits a resonance phenomenon. Based on the equivalent circuit model of a single patch antenna, the following section derives an equivalent circuit model for the array. 
B. Transmission-Line Model
According to [8] , the equivalent circuit model of a single patch antenna consists of two parallel RC circuits representing the slot conductance and the radiation resistance that are connected by a transmission line representing the patch metallization.
Based on the previously computed field distribution and the assumed PEC boundaries at and , the major contribution to the overall capacity in this resonant structure comes from the gap discontinuity at both ends of the patch. The patch itself with the current flow produces an inductance. The gap discontinuity is modeled as an odd-mode discontinuity [9] as is shown in Fig. 3 : the capacity between the patch and the ground plane is , the conductance accounting for radiation is , the interpatch capacity at the main gaps of two patches is and is an additional conductance for losses and radiation. The -network for the gaps is changed to a T-network for an easy treatment. The conversion from to T is possible as the boundary conditions in the middle of the gap is a PEC or short circuit to ground: the electric field is normal to a surface normal to the ground plane in the middle of the gap. The admittances and are divided into two series elements with value and which are parallel to the slot impedances and . The final network is shown in Fig. 4 within the dotted rectangle. The admittances and are given by [9] (1) (2) where is the angular frequency. For a given substrate, is proportional to the patch width . If the gap capacitance per meter is in F/m and the patch width is in m, then , which inserted into (1) gives (3) The transmission-line model for the patch array is finally obtained in Fig. 4 . The admittance of one element is (4) where is the propagation constant and is the length of the transmission line, in this situation equal to the patch length. is the characteristic admittance of the transmission line, neglecting any influence of the side gaps. The element resonates, when the imaginary part of the admittance vanishes. This occurs when the patch length satisfies (5) The values of the parameters in (5) are functions of the physical configuration, namely substrate permittivity, thickness, patch width, patch length, separation width, and frequency. The general analysis of microstrip line gap discontinuities is described in [10] .
Unfortunately, in the literature reference values are available only for a fixed set of parameters [11] . Furthermore, results based on quasi-static analysis are valid, with sufficient accuracy, only up to frequencies of a few GHz. For a complete characterization of discontinuities, the frequency dependency of various parameters is often determined by the more rigorous full-wave analysis. Still, the transmission line model offers a simple way to create an initial design as a starting point for a numerical optimization using a full-wave method.
As an example, we first design a single patch resonating at the operating frequency of the intended PMC surface, here . For the chosen substrate of and , the effective dielectric constant is , the effective wave length is then . For a single patch antenna, the starting point for an optimization process would be a patch length half of the effective wavelength [12] , hence,
. For a single patch, the slot capacitance of a patch on a substrate with height is given by [12] (6) with the wavenumber . According to (6) the slot capacitance amounts to . The equivalent capacitance of a microstrip-gap-discontinuity with a separation and an odd field distribution is given by [9] (7) 
with
. Strictly speaking, this capacitance is the static approximation of the electrodynamic capacitance, but it is used here within the validity range given in literature. For the chosen patch-to-patch separation of , the equivalent capacitance (7) is , hence a factor of 1.73 higher than that of the single patch. To account for the higher gap capacitance, the length of the patch should be shorter by this factor. The patch length in this case is then which is very close to the physical value of 9.5 mm.
To further verify the above transmission line model, the following two cases are calculated using the FDTD. The substrate permittivity, thickness, patch length, and gap width are fixed, values given at the begin of Section II, but the patch width is varied: 1)
; 2) . The calculated resonant frequency in both cases is . That is to say, a modification of the patch width with the patch length remaining constant conserves the resonant frequencies of the patch array surface. The same result can be evolved from (5). In (5), represents the radiation resistance, which is often much smaller than or [8] . For example, for , the radiation resistance can be approximated by . This case is most often applicable to PMC surfaces. Therefore, can be neglected. According to [12] , if , where is the height of the substrate, the characteristic admittance of a transmission line is (8) It can be seen that is quasi-proportional to the transmission line's width , corresponding here to the width of the patch.
is also proportional to the patch width from (3). Thus, from (5), it can be seen that the resonant frequency mainly depends on the patch length and is insensitive to the patch width . This property of the PMC is similar to that of a patch antenna.
Other characteristics can be deduced from the transmission line model. For example, an enlargement of the gap width increases the resonant frequency; increasing the patch length decreases the resonant frequency; increasing the substrate permittivity decreases the resonant frequency; and an enlargement of the substrate thickness makes the resonant frequency decrease, etc. These characteristics have been verified by FDTD simulations.
C. Functioning of a Patch Array Surface
For experimental verification, an artificial PMC array of 20 20 square patch elements has been fabricated. The dimensions and physical properties are chosen in accordance to the above numerical model with its values given at the beginning of Section II.
The reflection properties of the specimen have been measured in an anechoic chamber. The specimen is illuminated by a wide band horn antenna whose gain is known over frequency. The reflected field is measured and normalized to the reflected field of a PEC surface previously mounted at exactly the same position as the specimen.
The patch array is now illuminated by a normal TEM wave with the electric field parallel to the plate and to one edge of the patches. The reflection coefficient in amplitude and phase is measured and normalized to a PEC reflector. Thus, a 180 phase shift compared to a PEC reflector implies an in-phase reflection. From 4 to 20 GHz, two resonance phenomena are found. At the corresponding frequencies, the image current is in-phase compared to the original current as revealed by the phase curve Fig. 5(a) and (b) .
The first resonant frequency is 5.45 GHz. The reflection coefficient is close to 0 dB [ Fig. 5(a) ], i.e., the complete power is reflected in specular direction. The second resonant frequency is at 17.5 GHz, a frequency about three times the first one. At this frequency the reflection coefficient exhibits a 14 dB deep dip [ Fig. 5(b) ]. No resonance at a frequency double of the first resonance is detected. For a high impedance surface, the power dip phenomenon of the reflected power for certain resonant frequency is also observed in [13] .
As the constituent element of the array is a patch, the radiation characteristics of a single patch antenna are used for comparison. The radiation characteristics have been measured with a single patch antenna in the same anechoic chamber using the same measurement devices as above, in this case with the single patch antenna as radiating element. The radiation characteristics, shown in Fig. 6(a)-(c) , have been normalized to the maximal radiated power for the first mode, so that the radiated power of each mode may be compared to the others. At the first resonant mode (the length of the patch is about half the guided wave length of the substrate), the pattern of the patch antenna has a single and very broad lobe with the main radiation direction being normal to the patch surface [ Fig. 6(a) ]. At the second mode (the patch length is about one guided wave length), the radiation pattern has two lobes with a zero in a direction normal to the patch surface [ Fig. 6(b) ] where previously the first mode showed a maximum. The third mode [ Fig. 6(c) ] has three lobes with one lobe in normal direction. This middle lobe is smaller than the other two lobes and about 15 dB weaker than the main lobe of the first mode [ Fig. 6(a) ]. When comparing these radiation characteristics with the reflection behavior of the PMC, the correspondence becomes apparent. At the first mode, the radiation of the patch array is in normal direction, hence, a strong resonance phenomenon is measurable. At the second mode, no radiation in normal direction exists. The third resonance shows a dip in the reflection coefficient, which amounts to about 15 dB for the patch array measurement.
Comparing the properties of a single patch and the ones of the patch array leads to the explanation of the functioning of the patch array as PMC. Outside the resonant frequencies of the patches, it reflects the power just like a PEC reflector. At the resonances of the patch, it first absorbs the energy from the incident wave, causes itself to resonate, and then reradiates the energy. The radiation pattern and the magnitude of the reflection coefficient are determined by the different modes of the patch [14] .
For the present patch array, two properties have been shown, both by simulations and measurements: first, the reflection coefficient exhibits resonance phenomena that approximately correspond in their field distributions to resonances of a patch antenna. Second, at the resonances, the patch array shows reflection properties that are in analogy of PMC surfaces. We conclude that the patch array effectively acts as a PMC within a certain bandwidth whose width is to be determined. Therefore, it can be used as a reflector in an array antenna.
The bandwidth of PMC surfaces may be evaluated with two criteria. The first is a common criterion in literature that the phase should be . With this criterion, the patch array in Fig. 5 acts as a PMC in the frequency bands of 5.2 to 5.7 GHz (approximately 9.3%) and 17.4 to 17.5 GHz (approximately 0.6%). Another criterion is to evaluate the PMC surface mounted in a structure taking advantage of the functionality of the PMC surface.
In the patch array, the interpatch coupling arises at the gap discontinuity, but the patches operate in principle as a single patch, therefore, the main statements on the functioning of a single patch are also applicable to PMC surfaces. The first and most important result is that the resonant frequency depends on the size of each patch. Furthermore, when increasing the thickness of the supporting substrate, the bandwidth increases. The same holds if the permittivity of the substrate is decreased. Other statements are similarly applicable.
III. PARALLEL-PLATE MODES REDUCTION BY PMC REFLECTORS
The PMC surface is now used as a reflector for a large aperture coupled patch antenna array. Aperture coupled microstrip patch antennas are attractive candidates for many phased array applications because of their light weight, low profile, easy fabrication and high efficiency. They exhibit an excellent polarization purity, making them suitable for high resolution imaging radar systems [15] . Furthermore, by applying an amplitude taper over the array aperture, provided by a dedicated feed network, low sidelobe levels can be achieved.
On the backside of the array, a reflector shields the back-radiation to protect instruments on the backside of the antenna and increase the gain in the forward direction. Usually, a PEC reflector is used and placed at a separation to the antenna to get a constructive radiation normal to the reflector.
The backside reflector and the slot layer build a parallel plate waveguide [16] with parallel-plate modes and surface waves being excited on both plates, which is a general phenomenon for aperture coupled antennas with reflectors. The parasitic radiation from the edges and the modified excitation of the slots caused by the parallel-plate modes and surface waves degrade the performance of the antenna.
To overcome the excitation of the parallel-plate modes, electromagnetic bandgap (EBG) substrates have been proposed for a single radiator [17] . There, by inserting periodic dielectric rods between the slot plate and the PEC reflector, the propagation of higher order modes is reduced, whereas the dominant mode ( mode) is unaffected. However, the inclusion of periodic dielectric rods into a patch antenna array is complicated and increases costs and weight.
Here, a different approach is proposed: the excitation of surface waves and parallel plate modes is reduced by utilizing a PMC reflector. 
A. Parallel Plate Mode Reduction
The parallel-plate modes with two PEC parallel plates are analyzed in [18] . In application here, the PMC reflector changes the boundary condition of the parallel plates and thus reduces the parallel-plate modes.
The structure considered consists of an upper PEC (slot layer), a dielectric separator and a lower artificial PMC (array reflector), as shown in Fig. 7 .
For the modes, the component and component are given by [18] (9)
where the potential function is (10) with (11) In (10), and represent the Hankel functions of the first and the second kind, respectively. The coefficients and should be derived by the application of the appropriate boundary conditions.
The upper plate is a PEC, with the boundary conditions expressed in cylindrical coordinates (12) The lower plate is a PMC and shows the following conditions (13) where is the separation between the two plates.
By inserting (9) and (10) to the boundary conditions (12) we get . To satisfy the conditions (13), the phase constant should be:
The cutoff is defined when in (11) . Thus, the cutoff frequencies are obtained as follows: (15) where and are the permeability and permittivity of the dielectric separator, respectively. For the mode, the same equation can be obtained. In contrast to a traditional parallel plate waveguide, which has a cutoff frequency at 0, the structure here has cutoff frequency . The cutoff frequencies of both the dominant TE and the dominant TM mode are the same and proportional to . Therefore, if a PMC reflector is placed close enough to the slot plate so that the operating frequency of an antenna array is below the cutoff of the first TE and TM mode, no parallel-plate mode exists [19] . If the operation frequency of the antenna is , the condition for a total suppression of parallel-plate modes is (16) or in terms of wavelength, should be smaller than a quarter of the guided wavelength of the medium between the plates.
In the following section, the described principle to suppress parallel plate waveguide modes is verified by measurements.
B. Measurements
For testing purposes, an 8 8 aperture coupled microstrip patch array has been designed. The antenna operates at 13.5 GHz and has a bandwidth of 7.4%. The array antenna configuration is itemized as follows:
• The patches for the antenna array are rectangular and have a size of and .
• The patches are on a Rohacell substrate with and a thickness of . On top of the radiating patches, a superstrate with and protects the radiating patches from environmental influences.
• The feed network is on a substrate with and . The coupling slots have a size of and .
• The distances between patches are 0.9 (wavelength of 13.5 GHz) and 0.75 in and directions, respectively. The complete array has a size of 165 mm 145 mm, i.e., 7.4 6.5 . The required sidelobe level is realized by an amplitude taper in the feed network with, in this case, a parabolic distribution on a pedestal. When multiplying the element pattern with the array factor, this gives a calculated sidelobe suppression better than . This suppression can be used as reference for the realized antenna.
A PMC surface is designed for the center frequency of the array. As substrate, RT Duroid 5880 with a thickness of and a relative permittivity of has been chosen to obtain a sufficient bandwidth. By estimating the size of the patches by (5) and by the initial process outlined earlier, a starting value for a numerical optimization procedure is obtained to be and (value that has been chosen for starting the design). The subsequent empiric optimization process is based on the experience with the optimization of patch antennas. During the process, the length and the width of the patches are modified simultaneously in order to obtain the correct resonant frequency at 13.5 GHz. With modifying the inter-patch distance , the correct bandwidth is obtained. This process results in a patch size for the PMC surface of , gap , and a period of 3.8 mm. The measured reflection properties of the resulting PMC surface are shown in Fig. 8 . Within the target bandwidth from 13 to 14 GHz the phase is 180 with a maximum variation of , the amplitude of the reflection coefficient is smaller than 1.5 dB. Hence, the structure is useable as PMC surface in the frequency band.
The antenna array with the exploded view of a single constituent element shown in Fig. 9 has been measured in the plane in three configurations: 1) A PEC plate is used as a reflector and placed at a distance of to the feed lines. The dielectric spacer is a 5-mm-thick Rohacell with , the electrical distance between the feed lines and the spacer is then a quarter wavelength at 14.4 GHz. The quarter wavelength phase difference between 14.4 and 13.5 GHz is only 0.4 mm or 16 , which cannot account to a serious degradation of the PEC reflector at the target frequency of 13.5 GHz.
2) The PMC surface described above is used as a reflector.
In theory, the distance between PMC and feed lines should be zero, which is electrically not possible. At the same time, needs to satisfy (16) . Therefore, the PMC surface and the feed lines are chosen to be separated by a Fig. 9 . Exploded view of a single element of the fabricated patch array antenna with reflector. On the backside of the superstrate, the radiating patches are located. The spacer ensures a correct distance between radiating element and coupling aperture. On the backside of the feed substrate, the feed network ensures the correct amplitude taper. The reflector finally is mounted on a second spacer. Rohacell layer. This distance ensures that no parallel plate waveguide mode exists, since the resulting cutoff frequency from (16) is 73 GHz. 3) As reference, the copolarized pattern without reflector has been measured. At , the normalized -plane radiation patterns are shown in Fig. 10 . The theoretical sidelobe suppression, again calculated by multiplying the element pattern with the array factor with the appropriate amplitude taper, for the array without reflector is . In practice, the measured suppression is . It worsens to when using a PEC reflector. The PMC reflector increases the sidelobe suppression to . At other frequencies in the operating band, similar improvements are achieved as reported in Table I . The PMC reflector shows a higher sidelobe suppression than both the antenna with no reflector by about 2 dB and the antenna with PEC reflector by about 6 dB. An improvement of the sidelobe level compared to PEC backed array antennas should always be experienced when using PMC reflectors. The actual height of the sidelobes is caused by the feeding coefficients of each antenna array element. If the coefficients are modified by parasitic coupling, parallel plate modes or reflection phenomena, the sidelobe level is increased considerably. Suppressing the parallel plate modes is, hence, an efficient means to improve sidelobe level compared to PEC-backed antennas.
In the band, the best sidelobe suppression with a PMC is , measured at 13.25 GHz. Due to the additional phase delay caused by the 1 mm separation of the PMC with the feed lines, the center frequency for an in-phase reflection has been shifted downward. Designing a PMC for a slightly higher center frequency can compensate this effect.
IV. CONCLUSION
A patch array consisting of square patches has been developed and its PMC properties at certain frequencies have been verified by measurements. The relation between the PMC patch array and a single patch antenna has been investigated. The structure has been described using an equivalent transmission line circuit, which includes the contributions of the patches, the substrate, and the intermediate gaps. The circuit model allows to design simple PMC surfaces. By comparing the reflection properties of the PMC with the radiation pattern of patches, a novel explanation for the functioning of the PMC surface is given.
PMC surfaces can be used as reflectors, e.g., in aperture coupled patch array antennas, to suppress parallel plate waveguide modes. Additionally, PMC surfaces can be placed with a smaller separation to the feed lines of the patch array compared to a PEC reflector. Thus, the antenna array has a smaller profile and is potentially lighter. For the presented test case, the PMC surface shows a 6 dB higher sidelobe suppression than with a PEC reflector, and still 1 to 2 dB than with no reflector. 
